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EFFECT OF 40-W PROTONS ON SEMICONDUC!PORS 

AS DE- WITH AN IMPROVED ME?l"OD 

OF MEASURING DIFFUSION LENGTH 

OF MINORITY CARRIERS 

By Marvin E. Beatty and Gerald F. H i l l  
Langley Research Center 

Radiation-induced changes i n  semiconductor materials from 40-MeV protons 
were observed during i r r ad ia t ion .  These changes were determined by the  appl i -  
cat ion of an improved inf ra red  method f o r  obtaining t h e  d i f fus ion  length of t h e  
minority c a r r i e r  i n  the  semiconductor material. The semiconductor materials 
invest igated comprised t h e  base region of p n  junction photovoltaic devices. 
The d i f fus ion  length and lifetime before, during, and a f t e r  i r r a d i a t i o n  are 
presented i n  both graphic and tabular form as a funct ion of in tegra ted  proton 
flux. The data obtained show t h a t  very short c a r r i e r  l i f e t imes  may be calcu- 
l a t e d  by employing t h e  inf ra red  method. 

INTRODUCTION 

Results of recent inves t iga t ions  have shown that t h e  presence of the  Van 

The 40-MeV 
Allen rad ia t ion  b e l t s ,  s o l a r  flares, and the  a r t i f i c i a l  rad ia t ion  b e l t  from 
nuclear bomb t e s t i n g  a r e  detrimental  t o  semiconductor components. 
protons used i n  t h i s  inves t iga t ion  are reasonably t y p i c a l  of those found i n  
space. The value of t h e  minority-carrier capture cross  sect ion f o r  most semi- 
conductor mater ia l s  i s  very high f o r  40-MeV protons; therefore ,  40-MeV protons 
are espec ia l ly  dmnaging t o  t h e  s t ruc tu re  of  semiconductor materials. 

I n  carrying out research programs t o  determine mechanisms causing radia- 
t i o n  damage t o  semiconductors, it has been shown that measurement of t h e  l i fe-  
t i m e  as a function of temperature after i r r ad ia t ion  w i l l  lead t o  determination 
of induced energy l eve l s  and minority-carrier capture cross  sect ion (refs. 1 
and 2) .  These parameters may be obtained both by t h e  p-n junction method d is -  
cussed i n  this report  and by methods used i n  basic m a t e r i a l  s tud ies ,  such a s  
electron-spin resonance, Hal l  e f f ec t ,  and infrared absorption. The values 
obtained may be combined t o  help determine the bas i c  damage mechanism from 
p a r t i c u l a t e  rad ia t ion  i n  semiconductor materials and p-n junctions. 



The l i fe t ime of minority c a r r i e r s  i n  a semiconductor mater ia l  i s  defined 
a s  the average time tha t  excess minority c a r r i e r s  (e lec t rons  o r  holes) w i l l  
e x i s t  before they a r e  reduced t o  a fac tor  of of t h e i r  o r ig ina l  number 
because of t h e  recombination process. 
known a s  the diff’usion length,  which i s  defined a s  the  dis tance moved by the  
minority ca r r i e r s  before being reduced t o  a f ac to r  of 
number because of the  recombination process. The d i f fus ion  of the minority car- 
riers generates the current t o  be measured. The diffusion length L can be 
obtained from the  l i f e t ime  T, or  vice versa,  by the  r e l a t i o n  

l / e  
The l i fe t ime i s  analogous t o  a quant i ty  

l / e  of t h e i r  o r ig ina l  

where D i s  the  diffusion coef f ic ien t .  

The method of determining T t h a t  w a s  chosen f o r  t h i s  invest igat ion i s  t o  
use an infrared monochromatic light source and measure t h e  d i f fus ion  length i n  
t h e  n- and p-type base regions of p-n junction photovoltaic devices ( s o l a r  
c e l l s ) .  This infrared method i s  more accurate than the  d i r ec t  measurement of 
T i n  photovoltaic devices where excess c a r r i e r s  a r e  produced by a pulsed l i g h t  
source and the  decay of photoconductivity i s  observed on an oscil loscope 
( r e f .  2) .  With the  infrared method, it i s  possible t o  minimize surface e f f ec t s  
and obtain the l i f e t ime  of the  pa r t i cu la r  semiconductor mater ia l  i n  the base 
region of the  p-n junction. The infrared method i s  very sens i t ive ;  l i f e t imes  
a s  short  a s  10-10 second can be obtained. 
nique i s  l imited t o  l i f e t imes  of approximately 10-7 second ( r e f .  2 ) .  A t h i r d  
method has been described which w i l l  y ie ld  the  d i f fus ion  length from bombard- 
ment of a p-n junction with electrons ( r e f .  3 )  but t h i s  method i s  not appl i -  
cable t o  proton acce lera tors  because of the  low proton flux. The infrared 
method is applicable t o  measurement during i r r ad ia t ion  by both protons and 
electrons.  I n  addition, the  inf ra red  method i s  espec ia l ly  useful  i n  inves t i -  
gat ing gallium arsenide (GaAs)  and other  semiconductor mater ia ls  which have 
very short l i fe t imes .  

The conventional pulsed l i g h t  tech- 

This infrared method i s  especial ly  usefu l  i n  making measurements with a 
proton accelerator .  The current induced i n  t he  c e l l  from a proton accelerator  
i s  too  low t o  permit measurement of d i f fus ion  length d i r e c t l y  a s  with an elec-  
t ron  accelerator.  For t h i s  reason a technique such a s  the  one described i n  
t h i s  report i s  necessary f o r  proton damage work with so la r  c e l l s  (when deter-  
mining diffusion length and l i f e t ime) .  
associated equipment a r e  portable,  and they can be used i n  the  laboratory and 
a t  accelerator  s i t e s  a s  well .  

Also, the inf ra red  l i g h t  source and i t s  

The b M e V  proton i r r a d i a t i o n  was performed with the l i n e a r  acce lera tor  a t  
t he  University of Minnesota . 
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SYMBOLS 

A 

C 1  ,C2, C 3  

D 

% 

DS 

e 

Fb 

H 

hv 

I 

Jb 

L 

Lb 

LS 

NO 

9 

R 

vb 

*b 

XS 

xb 

U 

area,  cmz 

constants determined by boundary conditions 

minority-carrier diffusion coeff ic ient ,  cm2/sec 

minority-carrier diffusion coeff ic ient  i n  base layer ,  cm2/sec 

minority-carrier diffusion coeff ic ient  i n  surf ace layer ,  cm2/sec 

base of na tura l  logarithm (2.72) 

f l u x  of minority c a r r i e r s  from base region i n t o  space-charge region 

absolute light energy density,  pwatts/cm2 

photon energy (where h is  the Planck constant and v is t h e  
frequency), ev 

shor t -c i rcu i t  current,  pamperes 

flux of minority-carrier charge i n  base region (short-circui t -  
current densi ty) ,  amperes/cm2 

diffusion length of minority car r ie r ,  microns 

d i f fus ion  length of minority ca r r i e r  i n  base region 

d i f fus ion  length of minority car r ie r  i n  surface layer  

incident  photon f l u x  density,  photons/cm? 

charge of e lectron (1.6 x 10-19 coulomb) 

coef f ic ien t  of r e f l ec t ion  f o r  wavelength h 

surface recombination ve loc i ty  a t  base l aye r  surface 

thickness  of base layer  

thickness  of surface l aye r  

var iab le  depth i n  base region 

absorption coeff ic ient  f o r  wavelength A, cm-I 
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h 

7 

GaAs 

MeV 

n 

n-p 

n-type 

P-n 

P-tYPe 

S i  

S i0  

CI 

wavelength, microns 

l i f e t ime  of minority c a r r i e r ,  sec 

Notat ion 

gallium arsenide 

mill ion e lec t ron  v o l t s  

nano (10-9) 

n-type material  (surface layer )  on p-type material (base) 

mater ia l  with excess of e lec t rons  

p-type material (surface layer )  on n-type mater ia l  (base) 

material  with excess of holes 

s i l i con  

s i l i con  monoxide 

micron (10-4 cm) 

THEORY 

I n  a so l a r  c e l l ,  excess e lec t rons  and holes a r e  generated by photons inc i -  
dent upon the l a t t i c e .  These c a r r i e r s  d i f fuse  toward t h e  junction and reach 
t h e  space-charge region where t h e  minority c a r r i e r s  move across  t h e  junction 
because of t h e  in t e rna l  f i e l d .  A decrease i n  t h e  voltage drop across  t h e  junc- 
t i o n  occurs and a voltage between t h e  contact surfaces i s  es tab l i shed  which can 
move current through an ex terna l  c i r c u i t .  
d i f fusion of t h e  minority c a r r i e r s  as r e l a t ed  t o  the  shor t -c i rcu i t  current  of a 
so l a r  c e l l  has been determined as a function of inc ident - l igh t  wavelength 
( r e f s .  4, 5 ,  and 6) .  
t h e  appendix y i e lds  t h e  following general  r e l a t ion :  

The theo re t i ca l  expression f o r  t he  

A rigorous der iva t ion  of th i s  equation as presented i n  

The r e s u l t s  of 
r e s u l t s  ( r e f s .  

this t h e o r e t i c a l  expression have 
4 and 6 ) .  

.I 
been compared with experimental 

By using l i g h t  of a p a r t i c u l a r  wavelength t h a t  produces current only i n  
t h e  base region of a so la r  c e l l ,  the diffusion length  may be obtained from th is  
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Figure I_- Theoretical spectral response of silicon solar cell. 

r e l a t ion .  Figure 1 (from ref. 5)  
shows t h e  computed t o t a l  spec t ra l  
response of a t y p i c a l  s i l i con  (Si)  
so la r  c e l l ,  as w e l l  as t h e  separate 
contributions of the  surface l aye r  
and t h e  base region. It is  noted 
that a t  wavelengths grea te r  than 
O.(& the surface-layer response i s  
qui te  small and that most of t he  
current i s  produced i n  t h e  base 
region. I n  t h e  b-MeV proton 
experiment monochromatic light with 
a wavelength of I+I w a s  used. The 
ab sorption coef f ic ien t  a f o r  
s i l i con  a t  l.ql has been found t o  
be 110 cm-1 (ref. 7) and a for 
gallium arsenide a t  1.0~ i s  approx- 
imately 5.0 cm-1 (ref. 8). 

The phenomenon of wavelength dependence on current generation i n  a so la r  
c e l l  i s  more c l ea r ly  seen i n  f igu re  2 where the d i f f e ren t  phenomena are indi-  

cated by the  c i rc led  numbers 
(ref. 9): 

Figure 2- Illustration of a p-n junction depicting ettect ot wavelengtn 
on production of current 

Q A f r ac t ion  of 
photons a re  

the  incident 
re f lec ted .  

Photons with very short  wave- 
lengths  generate many 
electron-hole pairs very 
close t o  the surface but 
these p a i r s  quickly recom- 
bine because of surface 
recombination. ( L i t t l e  i s  
known about t he  surface 
recombination; therefore ,  it 
is  d i f f i c u l t  t o  observe the 
surface d i f fus ion  length.)  

@Photons with wavelengths i n  
the  v i s i b l e  region of t he  
spectrum generate electron- 
hole p a i r s  which can d i f fuse  
t o  the  space-charge region 
and contribute t o  t h e  t o t a l  
shor t -c i rcu i t  current .  But, 
since a la rge  portion of 
these p a i r s  a r e  s t i l l  being 

formed i n  the  t h i n  surface layer  (=O.% t h i ck ) ,  there  i s  s t i l l  a l a rge  percent- 
age of p a i r s  being recombined because of the  surface recombination veloci ty .  
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3b Photons with wavelengths i n  the  near in f ra red  generate electron-hole p a i r s  
primarily i n  the base region of the  c e l l  which a r e  within a diffusion 
length of the space-charge region. 

@Photons i n  t h i s  pa r t  of t he  spectrum a r e  used t o  determine measurements 
of L and T. 

@ Some pa i rs  are  formed outside L and do not contribute t o  I. 

0 Photons a re  absorbed but the  absorbed energy i s  in su f f i c i en t  t o  generate 

@ The far-inf rared wavelengths simply pass through the  semiconductor 

electron-hole pa i r s .  

material. 

Figure 2 i s  an approximation which appl ies  t o  most semiconductor mater ia ls  now 
used i n  solar c e l l s  and w i l l  vary s l i g h t l y  f o r  the  d i f f e ren t  mater ia ls  
depending on wavelength. 
photon energy required f o r  creat ion of electron-hole p a i r s .  

The var ia t ion  of wavelength i s  mainly due t o  the 

Atomic displacement production i s  the  main source of degradation due t o  
i r rad ia t ion  i n  the  bulk mater ia l  ( r e f s .  10 and 11). 
form of vacancy- in te rs t i t i a l  atoms which r e s u l t  from an atom being displaced 
from i t s  normal l a t t i c e  posi t ion by incident radiat ion.  
t h e  radiation damage i s  the introduction of new reconibination centers  i n  the  
base region which reduce c a r r i e r  lifetime.. 
diffusion length occurs; therefore ,  fewer minority c a r r i e r s  reach the  junction 
and the  shor t -c i rcu i t  current i s  reduced. 

This damage i s  i n  the  

The primary e f f e c t  of 

A corresponding decrease i n  the 

APPARATUS 

The apparatus used t o  measure d i f fus ion  length i s  shown i n  f igure  3. The 
infrared l i g h t  source i s  constructed i n  four  sect ions,  each made of 1/8-inch- 
th i ck  aluminum t o  minimize radiat ion darkening of op t i ca l  components. Sec- 
t i o n  0 ( f i g .  3) houses t h e  lamp and i s  provided with a fan f o r  cooling. 
The lamp used i n  the  experiment was a commercial tungsten photospot lamp. 
t i o n s  @ , a , and @ house the lenses  and f i l t e r s .  
cu la r  tubing 4 inches i n  diameter and 1 foot  long. 
and allow several  combinations t o  be used according t o  length desired (from 
2 t o  4 f t )  o r  i n t ens i ty  of l i g h t  desired on the  so la r  c e l l s .  These combina- 
t i o n s  a r e  benef ic ia l  i n  t h a t  t he  var ia t ion  allows a ce r t a in  amount of maneu- 
ve rab i l i t y  i n  cramped quarters .  
holder used t o  hold a lens  and f i l t e r  i n  posi t ion ins ide  the  tubing. 
holder i s  trimmed with heavy f e l t  held by aluminum s t r i p s  t o  prevent leakage of 
l ight .  The two sample holders (designated @ )  a r e  bronze with 1/4-inch copper 
tubing attached t o  permit water-cooling. 
t h e  l igh t ;  t h e  other,  a t  an angle of 45'. 
I of the  samples. 

Sec- 
These sect ions a re  c i r -  

The sections a r e  threaded 

The pa r t  labeled 0 i s  an example of a brass  
The 

One holder posi t ions c e l l s  normal t o  
Terminals a r e  provided f o r  reading 

6 



Figure 3.- Apparatus for determination of diffusion length of photovoltaic devices dur ing irradiation. L-54-54l-l 

The op t i ca l  lenses  enclosed i n  the  tubing of t he  infrared l i gh t  source 
collimate the  l i g h t .  
was found t o  be suf f ic ien t ly  uniform throughout the investigation. 

The l i g h t  beam was approximately 4 inches i n  diameter and 

A n  infrared narrow-band interference f i l ter  with a nominal peak t rans-  
mission of 36 percent a t  1.0~ i s  provided. Transmission through t h e  f i l t e r  
was measured on spectrophotometers having a range of 0 . 3 ~  t o  16.0~. It was 
found t h a t  t he  half-band width was approximately O.O25p, and tha t  the t o t a l  
t ransniss ion outside the  transmission band was less than 0.10 percent. 
infrared f i l t e r  may be removed and the system used a s  a source of white l i gh t .  

This 

The infrared l i g h t  source i s  connected t o  a voltage regulator t o  operate 
the  tungsten lamp a t  various color temperatures, depending on the  par t icu lar  
point of i n t e re s t  of the  research project .  A constant-voltage transformer i s  
connected between the  main power supply and the voltage regulator i n  order t o  
keep a constant voltage a t  t he  lamp. 
voltmeter. A milli-micro voltmeter i s  u s e d t o  read the  voltage drop across a 
precision 0.1-ohm r e s i s t o r  connected i n  ser ies  with the  so la r  c e l l s .  
thermopile measured the  photon f l u x  passing through the  narrow-band f i l t e r  and 
incident on the  samples. With t h i s  setup the short-circui t  current generated 
by the  1~ wavelength illumination i s  obtained from a photovoltaic device. 

The lanp voltage is  monitored with a 

A 

The source of the protons used i n  the 40-MeV proton experiment w a s  t he  
l i nea r  accelerator a t  the University of Minnesota. This accelerator i s  cap- 
able  of producing a time-averaged beam current of 10-8 ampere (approximately 
6 x 1010 protons/sec) . 
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The cross-sectional area of the proton beam was approximately 1.25 sq i n .  
This area was determined by exposure of photographic f i lm t o  the  proton beam. 
This exposure a l so  established the proper sample posit ion.  

A n  ion chamber was used t o  monitor the beam and was cal ibrated against a 
Faraday cup by using a current integrator .  The windows of the chamber were 
very thin sheets of aluminized p l a s t i c  f i l m  which caused negligible loss  t o  the  
energy of the proton beam. 

The experimental setup used during i r rad ia t ion  i s  shown i n  f igure 4 and a 
block diagram of the  complete inbeam c i r c u i t  i s  shown i n  f igu re  5. 
viously described apparatus was used. 
measure I during pre- and post- i r radiat ion t e s t s .  The proton beam was per- 
pendicular t o  the c e l l s  whereas the l i g h t  was angled approximately 45O from 
normal during i r rad ia t ion .  
was used t o  generate I. This f lux  i s  low enough t o  prohibi t  T from becoming 
a function of the majority-carrier concentration. A 3-cm water f i l t e r  was used 
t o  reduce the l i g h t  flux t o  t h i s  low l eve l .  

The pre- 
The sample holder angled 45' was used t o  

A l i g h t  in tens i ty  of approximately 100pwatt s/cm* 

Figure 4.- Typical inbeam setup for determining radiation-induced changes i n  diffusion length of semiconductors. L-65-49 
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The so lar  c e l l s  were mounted on 
t h i n  ceramic p la tes  with a s i l i con  
rubber adhesive f o r  ease i n  handling. 
Leads were insulated with t e f lon  f o r  
future  high-temperature s tudies .  
During i r rad ia t ion ,  t he  so la r  c e l l s  
were mounted on a carriage ( f i g .  6) 
which was designed t o  move both ver- 
t i c a l l y  and horizontally.  The car- 
r iage was positioned by remote con- 
trol and monitored with a te lev is ion  
camera. 

The short-circui t  current and 
photon f lux  were measured before and 
a f t e r  i r r ad ia t ion  and per iodical ly  
during i r rad ia t ion .  I n  order t o  
obtain accurate resu l t s ,  the room was 
f u l l y  darkened so t h a t  t he  l i g h t  was 
from the  infrared source alone. 
Careful experimental techniques were 
used and very l i t t l e  background 
e f f ec t  was noticed. 

Figure 6.- Sample carriage. L-64-676 
Because of t rans ien t  e f f ec t s  from 

For t h i s  reason 
ionization, the  short-circui t  current 

i s  s l i gh t ly  high during radiat ion incident upon the  so l a r  c e l l .  
t he  beam was momentarily stopped a t  desired points  while readings were made. 

The temperature of the samples was maintained a t  28' C,  *2O C, and was 
monitored by a potentiometer-type pyrometer. 

After i r rad ia t ion ,  the samples were maintained i n  dry i c e  t o  prevent room- 
temperature annealing, and post- i r radiat ion measurements were careful ly  checked 
several  days l a t e r .  

Nine 1- by 2-cm commercial so la r  c e l l s  were i r rad ia ted  during the 40 MeV 
t e s t  t o  obtain preliminary r e su l t s  with the  t e s t  apparatus. 
were s i l icon with Si0 ant i ref lectance coatings. These c e l l s  were shallow d i f -  
fused (approximately 1/2p). 
12 percent. 
icon, w i t h  boron diffused surface layer.  
with phosphorous-diffused surface layer  having the  same r e s i s t i v i t y  as the 
p-n samples. 
r e s i s t i v i t y  0.2 t o  2.0-ohm-cm w a s  a l s o  i r radiated.  

Eight of the c e l l s  

The eff ic iency of these c e l l s  varied from 9 t o  
Four of the  eight c e l l s  were 1- t o  2-ohm-cm arsenic doped p-n s i l -  

Four were boron doped n-p s i l icon,  

One 7.5-percent zinc doped gallium arsenide p-n sample with 

RESULTS 

The infrared method used t o  invest igate  the diffusion length gave very 
good repet i t ion of r e su l t s .  Several t e s t s  were performed i n  which typ ica l  
c e l l s  were measured a t  random in te rva ls  with the  voltage on the lamp being 
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varied and t h e  calculated value of 
We- and pos t - i r rad ia t ion  measurements made a t  the proton accelerator  si te and 
Langley Research Center a l so  agreed w i t h i n  k5 percent. 

L always being repeated within 55 percent. 

The data  obtained f o r  L and 7 a r e  shown in  t ab le  I. Figures 7 and 8 
give the  diffusion length and t h e  l i fe t ime,  respectively,  as a f inct ion of 
in tegra ted  proton flux f o r  b - M e V  protons. 
n-p and p-n so l a r  c e l l s  ind ica te  t h a t  the damage t o  p-type S i  i s  much less than 

The data  obtained f o r  i r r ad ia t ed  

A- D-M Si cell 

11 t I , I I 1 
1o1O loll IOU IOU 

2 Flux, protonsJan 

Figure 7.- Minority-carrier diffusion length as a fundion of total integrated proton flux 
for typical samples. 

1 
I 

A -  p-type Si  cell 
o - - - -n-typesicell  
0 - - -n-type GaAs cell 

\ 

\ 
\ 
0 
\ 

O \  

\ 
\ 

IO0 
1o1o loll loU lou 

2 Flux, protons/Cm 

Figure S- Minority-carrier lifetime as  a function of total integrated proton flux 
for typical samples. 
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t h a t  t o  n-type. This l e s s e r  damage i n  p-type S i  i s  believed t o  be due, i n  
pa r t ,  t o  the higher mobility of minority c a r r i e r s  and t o  a lower minority- 
c a r r i e r  capture cross  sect ion r e su l t i ng  from t h e  nature of defec ts  produced. 
The n-type GaAs exh ib i t s  l e s s  change from radia t ion  damage than e i t h e r  S i  type; 
however, L was i n i t i a l l y  much lower f o r  n-type GaAs.  The data  on t h e  GaAs  
c e l l  a l so  showed t h a t  the  inf ra red  method w a s  capable of measuring very short  
values of T, and t h a t  rad ia t ion  damage t o  G a A s  so l a r  c e l l s  should be  more 
thoroughly invest igated.  I 

The slopes of t he  L and T curves a r e  similar t o  those from other  
experiments (refs. 6, 12, and 13). 
1012 protons/cm2, 
L 
L of approximately 5Op f o r  p-type S i .  Measurements of L on another manu- 
f a c t u r e r ' s  c e l l s  not i r r ad ia t ed  showed a value f o r  L between 9Op and 130~. 
The difference i s  believed t o  be due t o  r e s i s t i v i t y  of t he  mater ia l  used and t o  
manufacturing techniques. The d i f fus ion  length  of n-type G a A s  changed by only 
a few microns a s  can be seen by f igure  7. I r r ad ia t ion  of GaAs a t  a t o t a l  i n t e -  
grated f lux  of 5 x 1013 protons/cm2 was a heavier dose than t h a t  f o r  S i .  

A t  a t o t a l  in tegra ted  flux of approximately 
L f o r  n-type S i  was reduced t o  a negl ig ib le  value whereas 

f o r  p-type S i  was reduced t o  about lop a s  compared with an i n i t i a l  average 

The r e f l ec t ion  coef f ic ien t  R of t he  c e l l s  was measured before and a f t e r  
i r r ad ia t ion .  The i n i t i a l  values were between 3 and 20 percent, and no change 
due t o  rad ia t ion  w a s  found. 

CONCLUDING RFMARKS 

Radiation-induced changes i n  semiconductor materials from 40-MeV protons 
were observed during i r r ad ia t ion .  These changes were determined by the  appl i -  
cat ion o f  an improved inf ra red  method f o r  obtaining t h e  d i f fus ion  length of the  
minority c a r r i e r  i n  t h e  semiconductor mater ia l .  The semiconductor materials 
investigated comprised the  base region of p-n junction photovoltaic devices. 

A d i s t i n c t  advantage of p-type over n-type S i  i s  shown i n  regard t o  damage 
from 40-MeV-proton radiat ion;  however, n-type gallium arsenide (GaAs) shows 
even l e s s  damage than p-type s i l i c o n  (S i )  when percent of degradation from the  
i n i t i a l  s t a t e  i s  considered. Even though commercial GaAs so la r  c e l l s  a r e  l e s s  
e f f i c i en t  i n  current production than S i  c e l l s ,  it i s  believed t h a t  t h i s  mate- 
r i a l  demands much inves t iga t ion  as t o  i t s  p o s s i b i l i t i e s .  

The r e s u l t s  from measurements of l i f e t imes  and d i f fus ion  lengths  i n  so l a r  
c e l l s  made with t h e  infrared light source are more informative than those of 
conventional methods because complicated surface e f f e c t s  are reduced t o  a min- 
i m u m .  This reduction i n  surface e f f ec t s  allows b e t t e r  accuracy f o r  very short  
l i fe t imes .  A s  can be seen from t h e  data ,  l i f e t imes  a s  short  as second 
were determined. 
radiation-induced energy l e v e l s  and minority-carrier capture c ross  sect ions i n  
mater ia ls  with very short  i n i t i a l  l i f e t imes .  

This accuracy i s  very bene f i c i a l  i n  inves t iga t ing  t h e  
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The inf ra red  method i s  espec ia l ly  useful i n  making measurements w i t h  a 
proton accelerator .  The current induced i n  t h e  c e l l  from a proton accelerator  
i s  too  low t o  permit measurement of diffusion length d i r e c t l y  a s  with an elec- 
t r o n  accelerator .  For this reason a technique such a s  t h e  one described i n  
t h i s  report  i s  necessary f o r  proton damage work with so l a r  c e l l s  (when deter- 
mining diffusion length and l i f e t ime) .  
associated equipment are portable,  and they can be used i n  the  laboratory and 
a t  acce le ra tor  sites as w e l l . '  

Also, the inf ra red  l i g h t  source and i t s  

Final ly ,  the.determination of  the radiation-induced enerQy l eve l s  and cap- 
ture cross  sect ion determined from measurements of l i fe t ime as a function of 
temperature with the  inf ra red  source may be correlated w i t h  values obtained 
from other  methods. Methods used i n  the basic material f i e l d  include electron- 
spin resonance, H a l l  e f f e c t ,  and inf ra red  absorption. A correlat ion of data 
gives a b e t t e r  insight  i n t o  the  rad ia t ion  damage mechanism. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  February 9 ,  1963. 



APPENDIX A 

DERIVATION OF BASE DIFFUSION LENGTH 

The der ivat ion of t h e  r e l a t i o n  showing the  dependence of t h e  sho r t - c i r cu i t  
current  on wavelength i n  a so l a r  c e l l  i s  given i n  reference 5 .  The re la t ion-  
sh ip  f o r  the base region of a p-n junction i n  terms of t h e  general d i f fus ion  
equation i s  as follows: 

where N o ( l  - R )  
The solution of equation ( A l )  f o r  % # 1 i s  

i s  t h e  incident  photon f l u x  which penet ra tes  t h e  surface.  

X-b. 
-ax, 

XL N o ( l  - R ) e  

The constants C1 and C3 a r e  found by applying boundary conditions: 

and 

The minority-carrier f l u x  a t  t h e  edge of t he  space-charge region i s  

The concentration of t h e  minority c a r r i e r  i s  zero a t  t h e  edge of t h e  space- 
charge region but t h e  f l u x  i s  not.  

The f l u x  of the minority c a r r i e r  i n  t h e  base region (shor t -c i rcu i t -cur ren t  
densi ty)  i s  defined by 

1 14 



where, f o r  commercial c e l l s  

For a l a rge  r a t i o  of thickness t o  diffusion length,  the short-circui t -current  
densi ty  i s  insens i t ive  t o  both thickness and surface recombination ve loc i ty .  
By using t h i s  la rge  r a t i o ,  equation (A7) reduces t o  

o r  

Since 

I 
Jb = A  

then the  absolute magnitude of the  current i s  



APPENDIX A 

For various wavelengths A, a d i f f e ren t  dependence of I on and Ls 
i s  found (see f igs.  1 and 2): 

(1) For long wavelengths (A h 0.9p), t h e  shor t -c i rcu i t  current  
i s  primarily proportional t o  t h e  base d i f fus ion  length.  These wave- 
lengths are deeply penetrating and excess holes  and e lec t rons  are 
released i n  the  base region of t he  c e l l .  A much smaller number have 
been released i n  t h e  surface or  skin region. 

(2) For short  wavelengths ( h  < O.gp), more dependence on current  
c a r r i e r s  i s  generated i n  t h e  surface layer ,  because these  wavelengths 
are not deeply penetrating and have a smaller e f f e c t  i n  t h e  base 
region than i n  t h e  skin region. Since many complications a r i s e  due 
t o  semiconductor surface e f f ec t s  i n  t h e  skin region, it i s  very d i f -  
f i c u l t  t o  obtain a reasonable determination of t h e  skin d i f fus ion  
length ( r e f .  2 ) .  

A t  longer wavelengths and f o r  commercial c e l l s ,  t h e  exponential term i n  
equation ( A l 3 )  may be neglected, since t h e  junction depth i s  on the  order of 
1p or  l e s s .  The equation now becomes 

I = AqNo(l - R) aLb 
1 -k d b  

Since 

t h e  re la t ionship  f o r  t he  d i f fus ion  length becomes 

16 



. . 
REFERENCES 

1. Aukerman, L. W.;  and Reid, F. J.: Energy Levels Produced i n  Semiconductors 
by High-Energy Radiation. Tech. Mem. No. 4, Radiation Effects  Inform. 
Center, Bat te l le  Mem. I n s t . ,  Ju ly  15, 19%. 

2. Loferski, J. J.; and Rappaport, P.: Radiation Damage i n  Ge and S i  Detected 
by Carr ier  Lifetime Changes: Damage Thresholds. Phys. Rev., Second 
ser . ,  vol. ill, no. 2, Ju ly  15, 1-99, pp. 432-439. 

3 .  Rosenzweig, W.: Diffusion Length Measurement by Means of Ionizing 
Radiation. B e l l  System Tech. J., vol. XLI, no. 5, Sept. 1962, 
PP- 1573-1588. 

4. Cummerow, Robert L.: Photovoltaic Effect i n  p-n Junctions. Pbys. Rev., 
vol. 95, no. 1, July 1, 1954, pp. 16-21. 

5. Oliver, J. W.: Charged Par t ic le  Radiation Damage i n  Semiconductors, 
11: Minority Carrier Diffusion Analysis i n  Photovoltaic Devices. 
MR-16 (8987-0ooi-~u-001) , Space Technol. Lab., Inc . , Feb . 19, 1962. 

6. Bilinski,  J. R.; Brooks, E. H. ; Cocca, U. ; and Maier, R.  J. : 
Neutron Damage Equivalence i n  S i  and Ge Semiconduc+,ors. IEEE, Trans. 
Nucl. Sci. ,  vol.  NS-10, no. 5, Nov. 1963, pp. n-86. 

Proton- 

7. Dash, W. C.; and Newman, R.: I n t r i n s i c  Optical Absorption i n  Single- 
Crystal  Germanium and Si l icon a t  77OK and 300°K. Phys. Rev., Second 
ser., vol. 99, no. 4, Aug. 15, 1955, pp. li51-1155. 

8. Sturge, M. D.: 
2.75 eV. 

Optical Absorption of Gallium Arsenide between 0.6 and 
Phys. Rev. Second ser . ,  -101. 127, no. 3, A u g .  1, 1962, 

PP. 768-773. 

9. Smith, K. D.; Gummel, H. K.; Bode, J. D.; Cut t r iss ,  D. B.; Nielsen, R. J.; 
and Rosenzweig, W.: 
Tech- J., vol. XLII, no. 4, p t .  3 ,  July 1963, pp. 1765-1816. 

The Solar C e l l s  and Their Mounting. Bell System 

10. Billington, Douglas S.; and Crawford, James H., Jr.: Radiation Damage i n  
Princeton Univ. Press, 1961, pp. 57 and 312-368. Solids. 

11. Seitz ,  Frederick; and Koehler, J. S.: Displacement of Atoms During 
I r rad ia t ion .  
Turnbull, eds., Academic Press, Inc. (New York), l9%, pp. 305-448. 

Solid State  Physics, V o l .  2, Frederick Se i tz  and David 

12. Gremmelmaier, R.: I r rad ia t ion  of P-N Junctions with Gamma Rays: A Method 
f o r  Measuring Diffusion Lengths. Proc. IRE, vol. 46, no. 6, June 1958, 
pp. 1045-1049 - 

13. Loferski, J. J.; and Rappaport, P.: The Effect of Radiation on Si l icon 
Solar-Energy Converters. RCA Rev., vol.  X I X ,  no. 4, Dec. 1958, 
PP- 536-554. 



. 
TABU I. - PRETEST AND TEST DATA ON SOLAR CELLS IRRADIATED WITH 40-MEV PROTONS 

Total flux, 
protons/cm2 

0 
5.72 x 1011 
9 .a 
27.7 
39.8 

71.5 

18.5 

49.1 

93.9 
201.6 
314.3 
534.3 

0 
1.38 x 1o1l 
2.62 

6.05 
8.25 

12.65 

3.85 

10.45 

14.85 
17.05 
19.25 
21.45 
23.65 

0 
1.34 x 10l1 
2.42 
3.39 
4.40 
5.41 
6.64 
7.90 
8.80 
10.00 
10.84 
11.99 
14.25 
16.50 
20.98 

0 

1.51 
.55 x 1011 

2.31 
3.05 
3.98 
4.66 
5.81 
8.01 
10.20 

0 

1.87 
.97 x 1011 

3.26 
4.44 
5.90 
8.10 
10.29 
13 * 15 
19 * 75 
26.42 
33.05 

Short-circuit 
current, I, 
pamperes 

0.23 
.21 
.20 
.19 
.18 
.18 
* 17 

-1.7 
.16 
.16 
.16 

60 
42 
35 
33 
27 
24 
22 
20 
1.9 
18 
17 
16 
16 

60 
28 
22 
18 
15 
13 
11 
10 
8 
7 
6 
5 
4 
2 
2 

58 
28 
17 
12 
10 
8 
7 
4 
3 
1 

42 
32 
31 
28 
26 
24 
23 
20 
19 
17 
16 
15 

Diffusion 
length, L, 
microns 

8.03 
7.33 
6.98 
6.63 
6.28 
6.28 
5.93 
5.93 
5.93 
5.53 
5.58 
5.58 

53.43 
31.79 
25 * 03 
23.24 

15.80 
14.27 

18.17 

12.79 
12.07 
11.35 
10.65 
9.95 
9.95 

50.79 
18.26 
13 175 
10.95 
8.95 
7.65 
6.39 
5.77 
4.56 
3.97 
3.38 
2.80 
2.23 
1.10 
1.10 

47.81 
18.14 
10.21 
6.98 
5.74 
4.54 
3.95 

1.65 
.54 

2.21 

31- 56 
22.21 
21.35 
18.86 
17.25 
15.70 
14.93 
12.p 
11.99 
10.58 
9-90 
9.22 

Lifetime, r, 
nsec 

32.24 
26.86 
24.s 
21 * 97 
19.72 
19-72 
17-58 
17.58 
17.58 
15.57 
15.57 
15 e57 

2850 

630 
540 
330 
250 
200 
160 
150 
130 
110 
100 
100 

1010 

1032. o 
133.0 
73.0 
48.0 
32.0 
23.4 
16.3 
13.4 
8.3 
6.3 
4.6 
3-1 
2.0 
.5 
.5 

914.0 
132.0 
42.0 
19.4 
13.2 
8.2 
6.2 
2.0 
1.1 
.1 

1000 
490 
460 
S O  
300 
250 
220 
160 
140 
110 
100 
90 



Solar 
cell 

n-type Si 

p-type si 

n-type Si 

p-type si 

Total flux, 
protons/cm2 

0 
.68 x 1011 
1.69 
2.62 
3.81 
4.93 
5.94 
6.86 

0 
1.01 x loll 
3.04 
3.75 
5-06 
6.45 
8.65 
10.84 
13 - 15 
15.35 
19- 75 
21-95 
28.55 
35-15 
46.24 

0 

1.34 
1-98 
2-77 
3.59 
4.66 
5.68 
6.91 
8.32 

-506 x loll. 

0 

1-n 
2- 78 
3.75 
4.61 
6.81 
9.01 
11.20 
13.40 
15.60 

.66 x 1011 

Short-circuit 
current, I, 

vamperes 

54 
27 
17 
11 
8 
6 
4 
4 

56 
34 
26 
26 
24 
22 
21 
20 
20 
19 
17 
17 
15 
14 
12 

93 
22 
14 
12 
11 
6 
5 
4 
2 
1 

56 
38 
31 
27 
26 
24 
22 
21 
20 
19 
19 

Diffusion 

microns 
length, L, 

48.18 
19-04 
11.12 
6.9 
4.92 
3.64 
2.39 
2.39 

49-65 
24.81 
17-83 
17 - 83 
16.21- 
14.64 
13.88 
13.12 
13.12 
12 - 37 
10.91 
10.91 
9- 50 
8.81 
7.44 

56.96 
15-35 
9.32 
7.87 
7-17 
3.77 
3.12 
2.48 
1.22 
.61 

46.81 

21.07 
17.82 

27-25 

17-03 
15. F 
14.01 
13.28 
12.56 
11.85 
11.85 

Lifetime, T, 
nsec 

929.0 
104.0 
49.5 
19.0 
9-7 
5.3 
2.3 
2.3 

1298 - 0 
96.7 
34.8 
24.8 
20.6 

5-  7 
3-9 
2.5 
.6 
* 15 

2190 
740 
440 
320 
290 
240 
200 
180 
160 
140 
140 
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